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Objective: Acute kidney injury requiring renal replacement therapy in severe vasodilatory shock is associated with an unfavorable prognosis. Angiotensin II treatment may help these patients by potentially restoring renal function without decreasing intrarenal oxygenation. We analyzed the impact of angiotensin II on the outcomes of acute kidney injury requiring renal replacement therapy. Design: Post hoc analysis of the Angiotensin II for the Treatment of High-Output Shock 3 trial. Setting: ICUs. Patients: Patients with acute kidney injury treated with renal replacement therapy at initiation of angiotensin II or placebo (n = 45 and n = 60, respectively). Interventions: IV angiotensin II or placebo. Measurements and Main Results: Primary end point: survival through day 28; secondary outcomes included renal recovery through day 7 and increase in mean arterial pressure from baseline of ≥ 10 mm Hg or increase to ≥ 75 mm Hg at hour 3. Survival rates through day 28 were 53% (95% CI, 38%-67%) and 30% (95% CI, 19%-41%) in patients treated with angiotensin II and placebo (p = 0.012), respectively. By day 7, 38% (95% CI, 25%-54%) of angiotensin II patients discontinued RRT versus 15% (95% CI, 8%-27%) placebo (p = 0.007). Mean arterial pressure response was achieved in 53% (95% CI, 38%-68%) and 22% (95% CI, 12%-34%) of patients treated with angiotensin II and placebo (p = 0.001), respectively. Conclusions: In patients with acute kidney injury requiring renal replacement therapy at study drug initiation, 28-day survival and mean arterial pressure response were higher, and rate of renal replacement therapy liberation was greater in the angiotensin II group versus the placebo group. These findings suggest that patients with vasodilatory shock and acute kidney injury requiring renal replacement therapy may preferentially benefit from angiotensin II. (Crit Care Med 2018; 46:949-957) Key Words: acute kidney injury; sepsis; vasodilatory shock, angiotensin II, renal replacement therapy, acute renal disease V asodilatory shock is the most common form of shock, characterized by peripheral vasodilation and preserved or increased cardiac output (1, 2) . Conditions that are associated with inflammation such as sepsis, pancreatitis, and major surgery are common causes of vasodilatory shock, with sepsis being the most frequent pathology (3). Acute kidney injury (AKI), defined as an increase in serum creatinine or a decrease in urine output due to a decline in glomerular filtration rate (GFR) (4), often complicates the course of vasodilatory shock and is associated with unfavorable outcomes (5) . Sepsis also accounts for approximately 50% of AKI cases in critically ill patients (6, 7) . The transition from sepsis to vasodilatory shock and AKI in an acute setting can progress quickly; however, the mechanisms that mediate the pathogenesis of these interconnected organ dysfunctions are not fully understood. In addition, patients who survive AKI are at risk for long-term morbidity that appears to be related to the severity of AKI (8) .
In patients with both vasodilatory shock and AKI treated with renal replacement therapy (RRT; together referred to as AKI-RRT), prognosis tends to be worse (5) . Such patients have a mortality rate between approximately 40% and 55% (9, 10) . During vasodilatory shock, the classic paradigm is that AKI is caused by decreased renal perfusion due to hypotension associated with vasodilation as well as decreased blood flow potentiated by vasoconstrictive drugs (vasopressors) (11) (12) (13) . However, the physiology of renal circulation in sepsis is likely complex (14) , and studies utilizing vasodilators, inotropes, and natriuretic peptides have failed to demonstrate improved outcomes (5, 13, 15) . Furthermore, recent evidence suggests that intrarenal vasodilatation and shunting may be important to the pathogenesis of AKI (16) . Angiotensin II is known to have direct effects on intrarenal circulation, including vasoconstriction of efferent arterioles of the nephron, thereby increasing glomerular perfusion pressure (17) . Such effect may help preserve or restore GFR in sepsis (18) .
To assess angiotensin II treatment effect on survival and renal recovery, we conducted a post hoc analysis of data from the Angiotensin II for the Treatment of High-Output Shock 3 (ATHOS-3) trial (19, 20) .
MATERIAL AND METHODS

Trial Design
The protocol for the international, randomized, doubleblind, placebo-controlled ATHOS-3 trial has been previously described (19, 20) (Supplemental Digital Content 1, http:// links.lww.com/CCM/D422). The writing committee for the present post hoc analysis included several ATHOS-3 investigators and the sponsor, each of whom vouch for the accuracy and completeness of the data and analysis. The ATHOS-3 trial was approved by a research ethics board at each participating institution. Written informed consent was obtained from all patients or their legal surrogates. No exclusion criteria in the parent study directly addressed renal function. We enrolled patients from sites in North America, Australasia, and Europe (Supplemental Table 2 , Supplemental Digital Content 1, http://links.lww.com/CCM/D422).
Patients
In the present post hoc analysis, we identified patients who were treated with RRT at the time of study drug initiation, and excluded those with a history of end-stage renal disease (ESRD).
Treatment Assignment
In ATHOS-3, we randomized patients (1:1) to receive treatment with either La Jolla Pharmaceutical Company's formulation of IV synthetic human angiotensin II (LJPC-501) or saline placebo administered by blinded study personnel at participating institutions. Randomization was stratified by mean arterial pressure (MAP) at screening (< 65 mm Hg or ≥ 65 mm Hg) and Acute Physiology and Chronic Health Evaluation II (APACHE II) score (≤ 30, 31 to 40, or ≥ 41). The form of human angiotensin II used in ATHOS-3 (LJPC-501) has an identical amino acid sequence to naturally occurring human angiotensin II.
Clinical Regimen
In the ATHOS-3 trial, infusions were initiated at a rate equivalent to 20 ng/kg/min of angiotensin II and titrated to increase MAP to ≥ 75 mm Hg during the first 3 hours (Supplemental Table 3 , Supplemental Digital Content 1, http://links.lww.com/ CCM/D422). During this titration, doses of standard-of-care vasopressors were held constant and could not be increased except for safety reasons. If vasopressor doses were increased, the patient was designated a nonresponder. The maximum rate of administration of angiotensin II or placebo allowed during the first 3 hours was equivalent to a dose of 200 ng/kg/min.
Between hours 3:15 and 48, investigators could titrate study infusions to a rate (mL/hour) equivalent to a dose of 1.25 to 40 ng/kg/min in patients assigned to angiotensin II. During this period, investigators titrated the combination of angiotensin II or placebo and other vasopressors to maintain MAP between 65 and 75 mm Hg; the protocol included a nonbinding titration scheme (Supplemental Table 4 , Supplemental Digital Content 1, http://links.lww.com/CCM/D422).
At hour 48, investigators discontinued the study infusion per a protocol-defined tapering process. If the standard-ofcare vasopressor dose subsequently required a norepinephrineequivalent dose increase to > 0.1 µg/kg/min, or if the patient became unstable, study infusion could be resumed for up to 7 days. However, once stopped for > 3 hours, study infusion could not be restarted. RRT discontinuation was at the discretion of the investigator.
Assessments and End Points
In the present post hoc analysis, patients were assessed for the primary, patient-centered effectiveness outcome of survival through day 28; secondary, patient-centered effectiveness outcomes of time to discontinuation of RRT, vasopressor(s), and ventilator through day 7; and secondary, physiologic efficacy end point of MAP response (defined as an increase from baseline of ≥ 10 mm Hg or an increase to ≥ 75 mm Hg) at hour 3.
Statistical Analyses
The present post hoc analysis was not a priori although all analysis end points and covariates were prespecified for the ATHOS-3 trial. The present post hoc analysis was conducted to explore the potential treatment effects of angiotensin II that may otherwise go unnoticed in a heterogeneous population, in the subgroup of AKI-RRT patients receiving RRT at study drug initiation. We based the post hoc analyses on the modified intention-to-treat population that included all randomized patients who initiated treatment. We analyzed data using SAS software (version 9.4). We used descriptive statistics with 95% confidence intervals to summarize data by treatment group; differences between treatment groups were analyzed by the Wilcoxon rank-sum test or analysis of variance for continuous or ordinal variables, and the χ 2 or Fisher exact test for discrete variables. A 2-tailed alpha of 0.05 was used to test the hypothesis of treatment difference. No adjustments for multiple comparisons were included in the results. An independent statistician verified the appropriateness of the analyses and inferences made from the data.
We compared time-to-event data by log-rank test and characterized the data by Kaplan-Meier estimates. We estimated hazard rates from the proportional hazards model. For RRT, vasopressor, and ventilator, the analyses were based on the cause-specific model censoring data at time of death. In addition, cumulative incidence estimates were performed accounting for death as a competing risk. For analyses of death, dates and times were included. For analyses of RRT, vasopressor, and ventilator, dates were used because exact times were not reported; censored deaths occurring on the same day as an event were assumed to have occurred after an event. We included baseline factors that may have influenced end points in 3 multivariate logistic regression and proportional hazards models as sensitivity analyses. Covariates used for such models included dichotomized baseline: age ≥ 65 years, MAP < 65 mm Hg, APACHE II score > 30, albumin < 2.5 g/dL, angiotensin I/ II ratio < 1.63 (the median angiotensin I/II ratio in the parent trial), Model for End-stage Liver Disease (MELD) score ≥ 30, chest radiograph finding of acute respiratory distress syndrome, and norepinephrine-equivalent dose ≥ 0.5μg/kg/min. Model A was based on known factors that influence outcomes in patients with vasodilatory shock. Model B was based on covariates that were not well balanced between patients treated with angiotensin II and placebo. Model C was a combination of the variables from Model A or B that predicted outcomes placed together.
RESULTS
Patients
In the ATHOS-3 trial, we enrolled 321 patients to receive either angiotensin II or placebo; of these, 167 patients received RRT. In the present post hoc analysis, 105 patients with AKI (n = 45 angiotensin II, n = 60 placebo) treated with RRT at study drug initiation were included. We excluded 12 patients who were previously diagnosed with ESRD. Patients with AKI who initiated RRT after study drug initiation (n = 50) were excluded to ensure that the variable that defines the subgroup is not affected by the treatment response of RRT. Sensitivity analyses were performed on these 50 patients to evaluate outcomes on survival through day 28, RRT discontinuation, and MAP response. Outcomes are reported in Supplemental Figures  1, 2 Table 5 , Supplemental Digital Content 1, http://links.lww.com/CCM/D422). Overall, patients in this analysis were severely ill as indicated by elevated baseline norepinephrine-equivalent dose and high MELD score, which were higher in the placebo group. The angiotensin I/II ratio was also higher in the placebo group (Table 1) .
Outcomes
At day 28, 24 (53%) and 18 (30%) AKI-RRT patients were alive in the angiotensin II and placebo groups, respectively ( Table 2) ; survival through day 28 was significantly longer in the angiotensin II group than in the placebo group (unadjusted hazard ratio [HR], 0.52; 95% CI, 0.30-0.87; p = 0.012 [ Fig. 1]) . A multivariate analysis was performed to account for clinically relevant covariates of interest at baseline and confirmed the findings of the unadjusted comparison (adjusted HR, 0.44; 95% CI, 0.24-0.80; p = 0.007) ( Table 2) .
Using cumulative incidence estimates to adjust for death as a competing risk, patients in the angiotensin II group were more likely to discontinue RRT within 7 days (adjusted HR, 2.90; 95% CI, 1.29-6.52; p = 0.007) ( Table 2; and Fig. 2) . By day 7, 38% (95% CI, 25%-54%) of patients who received angiotensin II discontinued RRT versus 15% (95% CI, 8%-27%) who received placebo. Multivariate analyses accounting for baseline covariates confirmed this difference (adjusted HR, 3.18; 95% CI, 1.31-7.75; p = 0.011) ( Table 2) .
At hour 3, patients in the angiotensin II group treated with RRT at study drug initiation achieved a significantly (p = 0.001) greater MAP response than the placebo group ( Table 2; and Fig. 3) . Several multivariate analyses were performed to account for potential baseline imbalances and confirmed these findings (p < 0.001) ( Table 2 ). MAP increased rapidly in the angiotensin II group (Supplemental Table 6 , Supplemental Digital Content 1, http://links.lww.com/CCM/ D422), allowing the angiotensin II dose to be down-titrated from the original 20 ng/kg/min in 53% of patients at 30 minutes, as well as permitting decreased doses of concomitant vasopressors. Compared to baseline, the average norepinephrine-equivalent dose received between hours 0 and 3 was significantly (p = 0.020) lower in AKI-RRT patients in the angiotensin II group (-0.02 [0.06] μg/kg/min) than in the placebo group (0.02 [0.12] μg/kg/min) ( Table 2; and Supplemental Table 7 , Supplemental Digital Content 1, http://links.lww.com/CCM/D422).
Using cumulative incidence estimates to adjust for death as a competing risk, the proportion of patients who discontinued vasopressor(s) within 7 days did not significantly differ between groups (p = 0.113) ( Table 2; and Supplemental Fig. 4 , Supplemental Digital Content 1, http://links.lww.com/CCM/D422); however, there was a significant difference in the proportion of patients who discontinued ventilation within 7 days (p = 0.015) ( Table 2 ; and Supplemental Fig. 5 , Supplemental Digital Content 1, http://links.lww.com/CCM/D422). These findings were dependent on the covariates included in the model (Table 2) . , NED ≥ 0.5 μg/kg/min, and Ang I/II ratio < 1.63). c Model C is a multivariate analysis of dichotomous covariates significant in Models A or B at baseline and were as follows for each outcome: MAP: albumin < 2.5 g/dL, chest radiograph finding of ARDS, and NED ≥ 0.5 μg/kg/min; 28-day survival: NED ≥ 0.5 μg/kg/min; time to vasopressor discontinuation: MELD score ≥ 30; time to ventilator discontinuation: NED ≥ 0.5 μg/kg/min; time to renal replacement therapy discontinuation: none. Chi-square test from logistic regression model including Ang II treatment compared to placebo, and adjusted by baseline MAP, baseline APACHE II score, vasopressin use 6 hours prior to randomization, and average vasopressor NED over the 6 hours prior to randomization. 
DISCUSSION
In this post hoc analysis of patients with vasodilatory shock and AKI-RRT at study drug initiation, patients treated with angiotensin II were more likely to survive to 28 days, and they recovered renal function more rapidly as assessed by being alive and off RRT at day 7. Moreover, correction of hypotension was achieved in significantly more patients treated with angiotensin II.
This post hoc analysis illustrated a potential beneficial effect of angiotensin II in patients with AKI-RRT at study drug initiation. This could be due in part to the fact that the kidneys may be particularly susceptible to the effects of perfusion pressure to maintain blood flow (21) . In this regard, ATHOS-3 (19), the parent trial of this analysis, and previous clinical and case studies (8, (22) (23) (24) (25) consistently demonstrated that synthetic angiotensin II can increase blood pressure in patients with shock. However, the salutary effect of angiotensin II may also be due to a mechanistic link beyond perfusion alone. One of the most damaging impacts of vasodilatory shock due to inflammation is endothelial cell injury, which leads to capillary leak, coagulation defects, and reduced organ perfusion. The endothelial cell injury may also cause loss of an important membrane-bound endothelial enzyme, angiotensin-converting enzyme (ACE) (26) . ACE capacity may be estimated by measuring the ratio of the precursor and product of ACE, angiotensin I, and angiotensin II, respectively. Healthy individuals have an angiotensin I/ II ratio of approximately 0.5, whereas patients in the ATHOS-3 trial had a median angiotensin I/II ratio of 1.63 (19) . These data suggest that ACE may be highly dysregulated in vasodilatory shock. Thus, angiotensin II infusion may compensate for such dysregulation.
The finding that exogenous angiotensin II was associated with improved outcomes, particularly renal outcomes, is plausible. Preclinical data in vasodilatory shock models endorse the notion that an IV infusion of angiotensin II can restore GFR and increase urine output without decreasing intrarenal oxygenation (16, 18, 27, 28) . In contrast, the use of catecholamines is associated with an unfavorable microcirculatory oxygenation profile (29) . Unlike catecholamines, angiotensin II preferentially vasoconstricts efferent arterioles (16, 18, 27) , which increases glomerular capillary pressure and augments GFR (14) . The effects from angiotensin II have the potential to mitigate the microcirculatory defects from intrarenal factors such as endothelial injury, microvascular thrombosis, and inflammation that can cause AKI (30) . Preclinical studies have demonstrated that septic shock creates a form of AKI that is responsive to angiotensin II infusion (16, 18, 27, 31) . This phenotype of sepsis-associated AKI appears to create efferent vasodilation at the level of the glomerulus that results in decreased GFR, reduced creatinine clearance, and increased sodium resorption despite an increase in renal blood flow. The administration of exogenous angiotensin II restored GFR and increased urine output.
In addition, multiple studies of sepsis have implicated both ACE polymorphisms and other genetic variations related to   60  46  40  36  33  32  29  28  27  26  26  26  24  23  23  21  19  19  19  19  18  18  18  17  17  17  17  16  15  45  39  37  34  34  33  31  31  30  30  29  29  29  27  27  27  27  27  26  26  25  25  25  25  25  24  24  23 the renin-angiotensin-aldosterone system (RAAS) that appear to impact both survival and AKI (32) (33) (34) . In a prospective 6-month observational study in critically ill patients (n = 180) (35), patients with AKI had significantly higher mortality rates in the ICU and hospital overall compared with those without AKI. Moreover, a specific ACE II genotype frequency was significantly higher in patients with AKI than in those without AKI. Furthermore, septic patients with less effective ACE activity, as measured by elevated angiotensin I/II ratios, were more likely to die than those with more intact ACE activity (36) . Drug-induced alterations in the renin-angiotensin system from ACE inhibitors and angiotensin receptor blockers (which, contrary to angiotensin II, causes efferent arteriolar dilatation) that are used to treat chronic kidney disease have been shown to increase the risk of AKI in patients with septic shock (37) . This further substantiates the role angiotensin II may have in treating patients at risk for AKI due to sepsis. Additional evidence suggests that modulation of vascular tone by the reninangiotensin-aldosterone axis may be important to optimizing renal vascular function in this setting (38) . Importantly, there are no proven therapies available for the treatment of severe AKI. The potential capacity for angiotensin II to increase survival and improve time to RRT liberation are novel (39) .
This study had multiple strengths. The parent ATHOS-3 trial, on which the data for this current post hoc analysis rely, was a placebo-controlled, double-blind randomized study with patient-centered, clinically relevant outcomes. In addition, there is a mechanistic rationale for the observed effect, supported by preclinical and clinical studies that have previously investigated the role of RAAS in AKI. In addition, the hypothesis that angiotensin I/II ratio is a key risk measure of AKI that could be ameliorated with exogenous angiotensin II was published prior to the completion of the ATHOS-3 clinical trial (40) . Lastly, the results of our analysis were consistent when adjusted for clinically relevant covariates, adding credence to our conclusions.
This study had several limitations, including all the inherent limitations of a post hoc analysis. Follow-up was limited to 7 days for most outcomes as opposed to the full 30 days, and survival was limited to 28 days. We could not test whether angiotensin II increased survival at the expense of creating more patients with ESRD. Thus, any findings need to be considered only as hypothesis generating. Moreover, volume status was not analyzed in this post hoc analysis, and the absence of a premorbid serum creatinine precludes an AKI staging assessment and precludes any analysis of the impact of preexisting chronic kidney disease; however, all patients in the analysis were similar in that their renal function was sufficiently reduced to require RRT. Finally, we excluded from analysis any patients with ESRD as well as any patients who were treated with RRT after the initiation of the study drug, both of which are common scenarios. As such, this may limit the generalizability of our results. Figure 2 . Cumulative incidence of time to discontinuation of renal replacement therapy through day 7. Subjects with death prior to day 7 are censored at day 7. Patients in the angiotensin II group were more likely to discontinue renal replacement therapy within 7 days than those in the placebo group (p = 0.0068).
CONCLUSIONS
In this post hoc analysis, restricted to patients with AKI-RRT at study drug initiation, unadjusted survival was improved with angiotensin II compared with placebo. Covariate-adjusted survival was also improved in some models but not others. In addition, patients were more likely to be alive and liberated from RRT by day 7 with angiotensin II in both unadjusted and adjusted analyses. Figure 3 . Mean (se) of mean arterial pressure by hour. Mean arterial pressure (mm Hg) is shown from initiation of angiotensin II or placebo through hour 48 by study group. By hour 3, the angiotensin II group achieved a significantly (p = 0.001) greater mean arterial pressure response than the placebo group.
